Cytochrome c (cyto c) release from mitochondria is a critical event in apoptosis. By investigating the ordering of molecular events during genotoxic stress-induced apoptosis, we found that ionizing radiation (IR) and etoposide induced the release of cyto c from mitochondria in two distinct stages. The early release of low levels of cyto c into the cytosol preceded the activation of caspase 9 and 3, but had no effect on ATP levels or mitochrondrial transmembrane potential (Dc m ). In contrast, the late stage cyto c release resulted in a drastic loss of mitochondrial cyto c and was associated with reduction of ATP levels and Dc m . Moreover, caspases contributed to the late cyto c release since the caspase inhibitor zVAD prevented only the late but not the early-stage cyto c release. Recombinant caspase 3 induced cyto c release from isolated mitochondria in the absence of cytosolic factors. Bcl-2 but not Bid was cleaved during apoptosis after caspase activation. This suggests that Bcl-2 cleavage might contribute to the late cyto c release, which results in mitochondrial dysfunction manifested by the decrease of ATP and Dc m . zVAD prevented the reduction of ATP, Dc m , and nuclear condensation when added up to 8 h after IR, at the time the caspases were highly activated but when the majority of cyto c was still maintained in the mitochondria. These findings link the feedback loop control of caspase-induced cyto c release with mitochondrial dysfunction manifested by ATP and Dc m decline. Cell Death and Differentiation (2000) 7, 227 ± 233.
Introduction
The cellular response to ionizing radiation (IR) and other genotoxic agents includes cell cycle arrest and activation of DNA repair. 1 When cells are unable to repair the DNA damage inflicted upon treatment with these agents, they respond by initiation of apoptosis, a process consisting of induction (pre-commitment), commitment, and execution (post-commitment) phases during which the cells are eventually degraded. The molecular events underlying this process are best understood for apoptosis induced by Fas or TNF receptor activation, however, the events following genotoxic stress are unclear.
It has been suggested that a critical early event leading to apoptosis is the release of cytochrome c (cyto c) from mitochondria into cytosol. 2 ± 5 Once released into the cytosol, cyto c binds to Apaf-1, 6 the human homologue of the C. Elegans Ced-4, and in the presence of dATP or ATP 2 forms a complex with caspase-9, 6,7 a regulatory member of a family of cysteine proteases, now called caspases. 8 This complex then initiates activation of other effector caspases, which cleave cellular proteins at a specific tetrapeptide sequence after aspartate residues. 9 ± 11 Mitochondria plays an essential role in apoptosis through the redistribution of intermembrane mitochondrial proteins, the best studied of which is cyto c. 12 The mechanism of cyto c release from mitochondria during the course of apoptosis is, however, not clear. 12 The mitochondrial membrane potential (Dc m ), considered to result following the opening of the permeability transition pore, has been reported to be an irreversible step toward apoptosis. 12 Bcl-2, a prototypic anti-apoptotic protein, has a predominantly outer mitochondrial membrane location, 13 and blocks the reduction in Dc m , and cyto c release. 3, 4 Agents which induce genotoxic stress, such as IR and chemotherapy, are the major clinical tools for cancer treatment. These treatments induce apoptosis, however, the ordering of the apoptotic molecular events remains unclear. Here we show a different cyto c release during IRinduced apoptosis of myeloid cells, consisting of an early, low level release preceding caspase activation and a late, massive release following it. Our data suggest that caspases, once activated, contribute to amplification of cyto c release, providing a functional link between caspaseinduced cyto c release and mitochondrial dysfunction manifested by the decrease in Dc m and ATP.
Results
Genotoxic agents induce caspase activation which is preventable by Bcl-2
Treatment with IR efficiently kills hematopoietic cells, 14 including the IM-9 multiple myeloma cells. Annexin V was used to determine phosphatidylserine exposure on the cell membrane in combination with propidium iodide (PI) to establish the integrity of the cell membrane. Membrane changes characteristic of apoptotic cells could be detected by 4 h, with 25%, or 37% of cells becoming Annexin positive by 16 and 24 h, respectively (of which 10%, or 17% of cells being PI-negative). Phosphatidylserine exposure on the cell membrane was effectively prevented by stable Bcl-2 overexpression in IM-9 cells.
Caspase activation is essential in cells induced into apoptosis by many agents including genototoxic stress. 14 We examined the status of caspase 9, a regulator caspase protein which can be activated following IR.
14 Western analyses showed that the 45 kD caspase 9 protein was partially converted to a 37 kD form as early as 4 h after IR in IM-9 cells ( Figure 1A ), indicating that caspase 9 was activated at this time. Both the pancaspase inhibitor zVAD and Bcl-2 effectively prevented the appearance of the 37 kD caspase 9 proteolytic fragment. We also examined the activation of effector caspases by determining cleavage of PARP, and that of the chromogenic caspase tetrapeptide substrate Ac-DEVD-pNA, reflecting the intracellular caspase 3 and 7 activity. An 85 kD PARP fragment and DEVD-pNA cleavage activity (2.5 U+0.25 S.E.) appeared by 4 h following IR. The DEVD cleavage activity was further elevated to 6.6 U+0.95 S.E., 8.3 U+0.39, and 7.3 U+0.34 S.E. at 8, 16 and 24 h, respectively, indicating that it was maintained at high levels during the period in which cells underwent apoptosis. Similar results were obtained after treatment with 10 mM etoposide, a widely used anticancer agent, indicating that multiple genotoxic agents induced caspase activation leading to apoptosis (data not shown).
Distinct stages of cyto c release during apoptosis
Previous studies have shown that translocation of cyto c into the cytosol occurs in response to multiple apoptotic stimuli and plays an important role in inducing apoptosis.
2 ± 5 Release of cyto c from mitochondria is a potential signaling component for regulating apoptosis in many cell types including myeloma cells induced into apoptosis by IR. 15 Therefore we wished to examine next the redistribution of cyto c in cytosolic and mitochondrial cellular fractions prepared from Douncehomogenized IM-9 cell lysates following exposure to IR under conditions which kept mitochondria intact. Cyto c was undetectable in cytosol isolated from untreated cells. In contrast, cytosols from irradiated cells contained increased cyto c levels starting at 2 h, as detected by Western blotting. Cyto c levels increased moderately at 4 and 8 h, and more significantly at 16 h after IR ( Figure 1B) . Cytosolic cyto c levels declined 24 h after IR, possibly due to protein degradation. In fact, immunoblot analyses of whole cell lysates showed that the overall levels of cyto c decreased as well at 24 h (data not shown).
Examination of cyto c levels contained in the mitochondrial P10 cellular fraction revealed only a slight reduction in cyto c levels up to 8 h following IR. In contrast, there was a dramatic loss of cyto c at 16 and 24 h following IR, indicating a depletion of cyto c from mitochondria. Cyto c release was prevented in cells overexpressing Bcl-2 ( Figure  1C ). These data suggest that there are two stages of cyto c release corresponding to early and late apoptosis, at a time preceding or following caspase activation, respectively. The distinct stages of cyto c release were not limited to IR, since etoposide also induced cyto c release from mitochondria. However, the kinetics of cyto c release following etoposide treatment was faster, the depletion of mitochondrial cyto c being observed by 8 h following VP16 treatment (data not shown).
The late stage cyto c release is associated with a decrease in ATP levels and Dc m To address the functional significance of the two-stage cyto c release, we examined the physiological relevance of the late stage cyto c release, which results in depletion of mitochondrial cyto c levels. We examined the levels of ATP and the mitochondrial transmembrane potential (Dc m ), two key indicators of mitochondrial function. There was no change in the levels of ATP up to 8 h following IR, even though a low level of cyto c was released and caspases were activated. In Figure 1 Two distinct stages of cyto c release before and after caspase activation following IR. IM-9 or IM-9/Bcl-2 cells were lysed at the indicated times following IR and the cell lysates were examined for caspase 9 cleavage by immunoblotting with a-caspase 9 polyclonal Antibody. (A) Cyto c levels were determined in the cellular fractions isolated by differential centrifugation as described in`Materials and Methods' from control or irradiated IM-9 or IM-9.Bcl-2 cells. Immunoblotting with a-cyto c mAb was used to determine the levels of cyto c in the S100 (B) and P10 (C) fractions, representing the cytosolic and mitochondrial cyco c, respectively, in 20 mg of cellular protein.
Porin and b-actin were used as loading controls Differential cytochrome c release during apoptosis Q Chen et al contrast, there was a substantial decline of ATP levels starting 16 h after IR ( Figure 2 ), a time corresponding to the late stage cyto c release. Importantly, our data suggested that the early maintenance of constant ATP levels corresponded closely to the steady levels of mitochondrial cyto c during the early stages of apoptosis. We next examined changes in Dc m during apoptosis. We found that the intensity of staining with the mitochondria-specific dye Rhodamine 123, known to reflect Dc m , 16 was maintained largely up to 8 h following IR. However, there was a significant increase in Rhodamine 123 staining at 16 to 24 h, reflecting a reduction in Dc m (Figure 2) , at a time coinciding with a dramatic increase in the release of cyto c from mitochondria. Furthermore, the changes in ATP levels and of Dc m were also blocked by Bcl-2 overexpression. These data indicate that the ATP and Dc m changes are dependent on cyto c depletion from mitochondria and are associated with mitochondrial dysfunction as a result of cyto c depletion, events which can all be prevented by Bcl-2. These data suggest that Dc m and ATP changes could be associated with the second but not the first phase cyto c release.
Caspases induce late cyto c release and Bcl-2 cleavage
To address whether caspase activation is associated with the late stage cyto c release, we examined cyto c release in cells in culture following IR in the absence, or presence, of zVAD. zVAD but not the caspase 1 inhibitor YVAD, effectively prevented DEVD cleavage activity when assayed 4 or 18 h following IR (data not shown). zVAD also prevented shortterm cytotoxicity, since 24 h following IR there was a loss of viability of 33.19% (+5.41), 1.58% (+0.57), and 24.52% (+2.36) in IR, IR+zVAD, or IR+YVAD-treated cells, respectively. zVAD also blocked specifically the late-stage increase in cytosolic cyto c levels ( Figure 3A , left panel). In contrast, zVAD had no effect on cyto c release up to 4 h following IR. The effect of zVAD was not limited to IR-induced cyto c release, since it could also prevent cyto c release during 18 h treatment with VP16 ( Figure 3A right panel) . These results indicate a potential role for a caspase in the amplification of cyto c release by causing a late, but not early cyto c release. These data suggest that different mechanisms are responsible for the early and late cyto c release.
To directly examine the role of caspase 3 in cyto c release, we next used an in vitro reconstituted system consisting of mitochondrial fractions and recombinant caspase 3. Examination of the supernatant of this reaction Total cellular ATP content was assayed in IM-9 (filled symbols) and IM-9/Bcl-2 (open symbols) cells, by the luciferin/luciferase assay (Sigma), as described. 24 Equal numbers of cells were lysed by boiling in 500 ml H 2 O and 50 ml was taken for ATP measurements (*) with a luminometer (Biometra). The data were normalized against the control and represented as the mean value of three separate experiments. Dc m (&) was determined on 4610 5 cells washed in PBS following IR, and incubated with 0.5 mM Rhodamine 123 for 30 min at 378C before analysis by flow cytometry. The data were normalized against that of untreated cells, with values representing means+s.d. (n=4; two separate duplicate experiments). The specificity of the Dc m measurements was confirmed using carbonyl cyanide m-chlorophenylhydrazone (mCCCP), an uncoupling agent that abolishes Dc m . Moreover, the change in Dc m was not due to a change of mitochondrial mass, since there was no difference between control or irradiated cells (up to 24 h) in staining with nonyl acridine orange (NAO, a typical marker for mitochondrial mass) Figure 3 Caspases induce late cyto c release from mitochondria and cleavage of Bcl-2. (A) Cells were treated with IR or VP16 in the absence or presence of 100 mM zVAD, lysed and the levels of cyto c in the cytoplasmic S100 fractions determined by immunoblotting with a-cyto c mAb, and b-actin as a loading control. (B) The P10 mitochondrial fractions were incubated with recombinant caspase 3 in the absence, or presence, of zVAD at 308C for 2.5 h. The reactions were then pelleted and the cytosolic S10-2 from IM-9 or IM-9/ Bcl-2 cells were examined for cyto c levels. Last lane in bottom panel represents a P10 fraction used as a positive control for cyto c. The mitochondrial protein MTCO1 was not detected in S10-2 fractions. (C) Bcl-2 expression was determined at the indicated times following IR in the absence or presence of 100 mM DEVD. (D) S100 from apoptotic (24 h after IR) IM-9 cells were incubated with P10 from untreated cells in the absence or presence of 100 nM zVAD or YVAD to examine in vitro cleavage of Bcl-2. Bcl-2 was analyzed by Western blotting using an a-Bcl-2 mAb. (E) Whole cell lysates of IM-9 cells were examined for expression of Bid following different times after IR by Western blotting using an a-Bid polyclonal antibody. 18 The data shown are representative of three different experiments
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Differential cytochrome c release during apoptosis Q Chen et al (post-mitochondrial fraction, designated S10-2) revealed a dose-dependent increase in mitochondrial cyto c content ( Figure 3B ). Cyto c was not detected in S10-2 isolated from untreated P10 fractions, and it could be prevented in the presence of 2 or 20 mM zVAD. Moreover, in vitro cyto c release could be effectively prevented by Bcl-2 since S10-2 isolated from Bcl-2 overexpressing cells did not contain cyto c when treated with caspase 3 under identical conditions ( Figure 3B ). In addition, examination of the caspase 3-treated mitochondrial P10-2 cellular fraction revealed a dose-dependent decrease in mitochondrial cyto c content, which was prevented by zVAD (data not shown). These data indicate that caspase 3 directly contributes to the late cyto c release in the absence of cytosolic factors.
Next we sought to identify the mitochondrial target(s) of caspase-3. Immunoblotting of IR-treated IM-9 cells with anti-Bcl-2 mAbs revealed the appearance of a novel, 23-kD band (Bcl-2D), in addition to the expected 26-kD band Figure 3C ). We further examined Bcl-2 cleavage in vitro, when P10 from IM-9 cells containing endogenous Bcl-2 was incubated with S100 isolated from IM-9 cells 24 h after IR. There was an abundant production of the p23 kD fragment, which was prevented by 100 nM zVAD but not YVAD ( Figure 3D ). The p23 Bcl-2D fragment generated in this assay, or when in vitro translated recombinant Bcl-2 was incubated with purified recombinant caspase-3 (Q Chen and A Almasan, unpublished), is consistent with cleavage at a conserved aspartic acid residue at position 34, following the caspase 3 consensus tetrapeptide at residues 31-34 (DAGD), as previously reported. 17 In contrast, immunoblotting showed that the previously reported p13 and p15 Bid cleavage products associated with cyto c amplification during Fas-induced apoptosis 18 were not detected in whole cell lysates from apoptotic IM-9 cells and the levels of Bid did not change ( Figure 3E ), indicating that Bid could not be responsible for the cyto c release in our system.
zVAD prevents mitochondrial dysfunction and nuclear fragmentation
We next examined the association of caspase activation with mitochondrial dysfunction and nuclear morphological changes. Since caspase targeting to mitochondria resulted in cyto c release, we examined the effect of zVAD on ATP and Dc m , when zVAD was added at different times following IR. zVAD blocked effectively any significant reduction of both ATP and Dc m , even when it was added to cells 8 h after IR ( Figure 4A ). In contrast, zVAD had no effect when it was added 16 h after IR, a time corresponding to the second stage cyto c release.
We next examined the nuclear morphological changes associated with IR-induced apoptosis. Staining with the DNA-intercalating dye Hoechst 33258 revealed a significant number of cells with nuclear condensation characteristic of apoptotic cells 24 h after IR ( Figure 4B ). Addition of zVAD up to 8 h following IR effectively prevented nuclear condensation 24 h after IR, but it had no effect when it was added 16 h following IR. To further monitor the consequences of mitochondrial cyto c loss in individual cells, we used confocal microscopy. Following 0 (top) or 8 h (data not shown) after IR, cells displayed a punctate cyto c staining ( Figure 4C ). Cyto c co-localized with the mitochondria-specific dye, MitoTracker Red. Following 24 h after IR, cyto c staining became diffuse, indicating cyto c loss from mitochondria and its translocation to the cytosol. No cells were observed with nuclear fragmentation, as determined by ToPRO-3 staining, in the absence of diffuse cyto c staining. These indicate that the late, massive cyto c release preceded the appearance of nuclear fragmentation.
Discussion
In an effort to elucidate the ordering of molecular and cellular events in IR-induced apoptosis, we found that cyto c was released in two distinct stages, with caspase activation being required for the late stage massive cyto c release, resulting in depletion of cyto c from mitochondria and associated mitochondrial dysfunction. We clearly demonstrate that the initial cyto c release is characterized by release of only a small fraction of mitochondrial cyto c. This is apparently sufficient to trigger caspase 9 and 3 activation in the multiple myeloma IM-9 cells in response to the genotoxic stress caused by girradiation and etoposide. The low levels of cyto c released early into the cytosol did not significantly impact on the remaining mitochondrial cyto c levels or mitochondrial activity as measured by ATP levels or changes in Dc m . Our findings reconcile the dual role of cyto c for an adequate oxidative phosphorylation necessary for ATP production, 12, 19 and as a source for caspase activation in the cytosol, with an expected loss of ATP following mitochondrial cyto c depletion.
The late cyto c release can be a consequence of activated caspases since recombinant caspase 3 can cause cyto c release from mitochondria and zVAD blocks cyto c release from isolated mitochondria and late-stage apoptotic cells, as well as the ATP and Dc m drop associated with mitochondrial cyto c depletion. Consistent with our data, it has been recently shown that several caspases, including caspase 3, can also induce permeability transition pore opening in a reconstituted system. 20 Recently, it has been reported that caspases can induce cyto c release in a cell free system in the presence of a cytosolic factor. 21 However, our data suggest that the caspase 3-induced cyto c release might not require cytosolic factors. At least in myeloid cells undergoing IRinduced apoptosis Bid does not seem to be required for this late cyto c release since the Bid cleavage products were not detected using an antibody identical to the one used in previous reports. 18 Rather, we found Bcl-2 to be a caspase 3 target, although additional mitochondrial caspase targets, yet to be identified, might be also involved. Bcl-2 cleavage is likely to contribute to cyto c release, since, once it is truncated, it becomes a pro-apoptotic Bax-like molecule and can induce cyto c release in the presence of zVAD (Q Chen and A Almasan, unpublished).
We also found that targeting of mitochondria by caspases was associated both with mitochondrial dysfunction and nuclear condensation. Intracellular ATP and Dc m reduction apparently occurred after caspase activation and were inhibitable by zVAD and Bcl-2. Interestingly, Dc m reduction and nuclear condensation could be prevented even when zVAD was added 8 h following IR, at a time when caspases were highly activated, but the majority of cyto c was maintained in the mitochondria, suggesting that the caspase-induced cyto c release is a necessary step for the post-commitment phase of apoptosis. These cells may commit to undergo apoptosis before the initial cyto c release since zVAD and Bcl-2 can not provide a clonogenic survival advantage to IM-9 cells (data not shown). In nongenotoxic stress-induced apoptosis, halting cyto c release may also prevent apoptosis. Thus, in case of the v-Abl oncoprotein-suppressed apoptosis induced by withdrawal of IL-3, providing cells with survival factors stopped further cyto c release and conferred clonogenic survival to the remaining cell population. 5 
Cell Death and Differentiation
Differential cytochrome c release during apoptosis Q Chen et al It is possible that, as a result of caspase targeting of mitochondria, cells may switch from apoptosis to secondary necrosis, a phenomenon associated with late apoptosis. Perhaps, as reported, ATP could be the determining factor for the cellular decision to undergo apoptosis or necrosis. 19 Indeed, ATP is required for apoptosis, with ATP and dATP being reported to be required cofactors for cyto c-induced caspase 9 activation by the cyto c/Apaf-1 complex, 2 and the presence of ATP has been shown to play a critical role in determining the mode of cell death, apoptosis vs necrosis. 19 As in our study, ATP levels were also reported to be unchanged during the early stages of apoptosis of UV-B and staurosporine-treated T lymphoblastoid CEM cells. 22 To maintain the mitochondrial cyto c needed for sustained ATP production, it is possible that only the excess cyto c is initially released. 12 The mechanism of the initial cyto c release following genotoxic stress is currently under investigation.
The molecular events leading to apoptosis are best characterized for Fas-induced cell death. Although the engagement of Fas by Fas ligand can directly activate caspase-8 and its downstream cascade, a late stage amplification of cyto c release by caspases is likely to take place following caspase 8-mediated cleavage of Bid, a pro-apoptotic Bax homologue. 18 However, Bid cleavage might not be responsible for cyto c release following IR or etoposide treatment of IM-9 cells, since Bid cleavage was not detected, nor were any changes in Bid levels or in its subcellular localization. It was suggested that the caspase-associated cyto c release happened in the Fasbut not etoposide-induced apoptosis since zVAD could not inhibit etoposide induced cyto c release. 23 Thus, to our knowledge, this is the first report showing that IR and etoposide-induced caspase activation can contribute to the late cyto c release. Importantly, our results suggest that zVAD can inhibit the late cyto c release but not the early one induced by IR. Clearly, both the genotoxic stress and the Fas-induced apoptotic pathways seem to share a somewhat similar late-stage caspase amplification following mitochondrial targeting by caspases, since ultimately caspase 3 is activated in both systems. Whether caspase-9 activated by IR contributes to cyto c release as suggested 21 and whether another mitochondrial protein is an additional caspase target needs to be further explored.
In summary, we present evidence for a differential cyto c release during early and late genotoxic stress-induced apoptosis. We show that there is a positive feedback amplification of cyto c release by caspases and identify Bcl-2 as a caspase target, which may contribute to the late cyto c release. Importantly, our data indicate that cyto c amplification is associated with mitochondrial dysfunction manifested by ATP and Dc m reduction, which may further lead to nuclear condensation. These data suggest that the feedback loop control of late cyto c release by caspases is an important step required for the post-commitment phase of apoptosis, necessary because cells must utilize diverse mechanisms, even after caspase activation, to assure an ordered progression toward death.
Materials and Methods

Cell culture and transfections
Human IM-9 multiple myeloma cells were obtained from ATCC and cultured in RPMI 1640 medium supplemented with 10% heatinactivated fetal bovine serum (Gibco). Exponentially growing cells were subjected to 10 Gy g-irradiation from a 137 Cs source, as described, 24 or cultured in media containing 10 mM etoposide. pSFFVneo FLAG.Bcl-2 was used for stable transfection of IM-9 cells. Cell clones overexpressing Bcl-2 were selected in 1 mg/ml G418. One representative clone, IM-9/Bcl2.cl1-1, which abundantly expressed FLAG.Bcl-2 was further used.
Protease activity assays
Cells (3610 5 ) were lysed on ice and caspase assays performed as described.
14 Substrate only was used for background control and the Ac-DEVD-pNA cleavage activity was normalized against untreated cells. His-tagged PET-CPP, encoding recombinant caspase-3 [a gift from Drs. ES Alnemri and SM Srinivasula] was transformed into E. coli BL21 and purified by His 6 -resin affinity purification (Novagen). The freshly prepared caspase 3 protein (1 U=10 pmol/min/mg) was examined for its ability to cleave the DEVD-pNA substrate before being used for further experiments. Recombinant caspase-3 was mixed with 5 ml P10 prepared from parental IM-9 and derivative cells stably expressing Flag-Bcl-2 (about 1 mg protein/ml) in a total of 40 ml of buffer A, and incubated for 2.5 h at 308C. For certain experiments, purified caspase-3 was first incubated with zVAD for 15 min at room temperature. These P10-containing reactions were then pelleted at 10 0006g for 8 min and the resulting supernatant (S10-2) and pellet (P10-2) were then subjected to SDS ± PAGE and immunoblotting for cyto c and Bcl-2 as described above. Caspase peptide inhibitors or substrates were from Calbiochem; all other chemicals were from Sigma, unless otherwise specified.
Cell fractionation and immunoblot analyses
Cells were fractionated as previously reported. 2, 3, 5, 16 Briefly, cells were homogenized with a Dounce homogenizer (5 ± 8 strokes) in buffer A containing 20 mM HEPES-KOH (pH 7.2), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, and protease inhibitors. The homogenate was centrifuged at 7506g for 5 min and the supernatant further centrifuged at 10 0006g. This mitochondria-containing pellet was designated P10 and the supernatant was subjected to further ultracentrifugation at 100 0006g for 45 min. The resulting pellet and supernatant, representing the ER and cytosolic fractions, were designated as P100 and S100, respectively. The purity of the cellular fractions was examined by Western blotting using a-calnexin, a-PCNA, and a-MTCO1 mAbs, as ER, nuclear and mitochondrial markers. Bcl-2 was contained mainly in P10, DEVD cleavage activity in S100, with cyto c being absent from the P100 fractions.
For immunoblots, cells and membrane fractions were washed in PBS and lysed in 1% NP-40 buffer. Cellular proteins were separated by SDS ± PAGE, transferred onto nitrocellulose membranes, probed using immunoblot analyses with antibodies specific to the human b-actin (Sigma), Bcl-2, caspase 9, PCNA (Santa Cruz), Calnexin (Transduction Laboratories), cyto c (6581A for Western and 65971A for immunostaining; Pharmingen), cyto c oxidase I (MTCO1; Molecular Probes), or porin (Calbiochem), followed by incubation with a secondary antibody conjugated to horseradish peroxidase for 1 h at room temperature. Antibodies to Bid 18 were a generous gift from Dr. X Wang (U.T. Southwestern). Immunoreactive bands were detected using enhanced chemiluminescence (Amersham) and visualized by autoradiography.
Flow cytometric and immuno¯uorescence analyses
Phosphatidylserine exposure on cell membranes was determined as described.
14 Dc m was determined following incubation with 0.5 mM Rhodamine 123 for 30 min at 378c before analysis by flow cytometry. The data were analyzed by Cell-Quest and the mean value of FL-1 (530 mn) were collected after the non-viable cells were gated out. The data were then normalized against that of untreated cells and evaluated in reference to: (i) 5 mM m-chlorophenylhydrazone, an uncoupling agent that abolishes Dc m , or (ii) 100 nM nonyl acridine orange, a mitochondrial mass indicator. 24 For cyto c subcellular localization cells were grown on Vitrogencoated coverslips, washed with PBS, fixed with 2% paraformaldehyde, incubated with a-cyto c mAb, followed by FITC-conjugated secondary mAb. MitoTracker Red (100 nM) was used for mitochondrial localization, ToPRO-3 (15 nM) and Hoechst 33258 (10 mg/ml) for nuclear staining in confocal and conventional microscopy, respectively. The immunostained slides were examined using a Nikon FXA epifluorescence microscope or a Leica TCS-NT confocal laser scanning microscope with an 636objective lens (Leica Lasertechnik GmbH, Heidelberg, Germany). Confocal images were examined along the z-axis with a step-size of 1 mm. For comparison of triple-stained patterns the three images were superimposed. MitoTracker Red, ToPRO-3, and Hoechst 33258 were from Molecular Probes.
